Because of a defect in the TCR of UV lesions, CS ment of RAD2, the S. cerevisiae counterpart of XPG, individuals exhibit mild sun sensitivity; however, they in promoting efficient RNA polymerase II transcription.
Similar to their human counterparts, the yeast Rad14 also examined GAL7 and GAL10 transcription in the rad1⌬ and the rad14⌬ mutants, which, like the rad2⌬ and Rad4-Rad23 proteins act at the damage recognition step, and the Rad3 and Rad25 DNA helicases, present mutant, are totally defective in NER . Whereas GAL7 and GAL10 mRNAs were in TFIIH and which are the yeast counterparts of human XPD and XPB proteins, respectively, promote the openas efficiently induced in the rad1⌬ and rad14⌬ strains as in the wild-type strain, the levels of GAL10 mRNA ing of the duplex DNA for dual incision by the Rad1-Rad10 and Rad2 nucleases on the 5Ј and 3Ј sides of were lower in the rad2⌬ and rad26⌬ strains than in the wild-type or the rad1⌬ and rad14⌬ mutant strains (Figure the lesion, respectively (for review, see Sancar, 1996; Prakash and Prakash, 2000) . As in humans, the TCR of 1). The levels of GAL7 mRNA were also reduced in the rad2⌬ and rad26⌬ strains, but only at the earlier time UV-damaged DNA in S. cerevisiae requires, in addition to the above-noted NER proteins, the Rad26 protein, points (Figure 1) . The most severe reduction in transcription occurred in the rad2⌬ rad26⌬ double-mutant strain, which is the yeast counterpart of human CSB protein (van Gool et al., 1994), and like CSB, Rad26 is a DNAwhere GAL7 mRNA levels were greatly diminished and GAL10 transcription was almost blocked (Figure 1 ). In dependent ATPase (Guzder et al., 1996) .
Purified CSB protein stimulates the rate of elongation striking contrast, the rad1⌬ rad26⌬ and rad14⌬ rad26⌬ strains exhibited the same levels and patterns of GAL by RNA polymerase II (Pol II) on oligo(dC)-tailed DNA template in the absence of other transcription factors gene induction as the rad26⌬ strain (data not shown). The decline in transcription in the rad2⌬ strain, thus, is (Selby and Sancar, 1997a) , and recently we have provided evidence for the involvement of the yeast RAD26 specific to a defect in RAD2 and is not a general property of NER-defective mutants. gene in Pol II-dependent transcription in vivo (Lee et al., 2001 ). Here, we provide evidence for the involvement of RAD2 in Pol II-dependent transcription. Interestingly, Synergistic Enhancement of Growth Defects we find that both transcription and growth are more in the rad2⌬ rad26⌬ Mutant severely inhibited in the rad2⌬ rad26⌬ double mutant Although neither the rad2⌬ or rad26⌬ mutation has a than in the rad2⌬ and rad26⌬ single mutants. These discernible effect on growth in rich YPD medium, we results indicate that RAD2 and RAD26 provide alternate found that growth of the rad2⌬ rad26⌬ double-mutant means for efficient transcription, and further, they implistrain is considerably retarded even in this medium (Figcate transcriptional defects as the underlying cause of ure 2A). We further investigated the growth characterisgrowth impairment that occurs in the rad2⌬, rad26⌬, tics of the rad2⌬, rad26⌬, and rad2⌬ rad26⌬ mutant and rad2⌬ rad26⌬ mutant strains under conditions that cells by transferring them from glucose (YPD) to lactate would require the synthesis of new mRNAs. From these (YPL) medium at 30ЊC. Because adaptation to a new studies, we infer that CS is likely a transcription syncarbon source would entail the synthesis of new prodrome and that growth and developmental defects in teins, the growth impairment in these mutant strains CS could result from defects in transcription.
might become more apparent in YPL medium. While the rad2⌬ and rad26⌬ mutant strains grow at a somewhat slower rate in YPL medium than the wild-type strain, the Results rad2⌬ rad26⌬ double-mutant strain showed no evidence of growth upon transfer to this medium ( Figure 2B ). By Effect of rad2⌬ Mutation on Galactose-Inducible contrast, the rad1⌬ and rad14⌬ mutations had no adSynthesis of GAL7 and GAL10 mRNAs verse effect on growth in YPD or YPL media (Figure Since CS patients are viable and the rad2⌬ or rad26⌬ 2), and when combined with the rad26⌬ mutation, the mutants display no obvious growth defects when yeast double mutants grew at the same rate as the rad26⌬ cells are grown in rich nutritional conditions (YPD mestrain (data not shown). Thus, as for transcription, the dium), we expected the transcriptional defects in the growth defects conferred upon yeast cells by the rad2⌬ absence of RAD2 or RAD26 function to be subtle. To mutation are specific to RAD2 and are not a general be able to discern any such changes in transcription, feature of an NER defect. we examined the mRNA levels of genes in a state of high transcriptional activity, because any transcriptional deficiency might become more apparent then. We also Inhibition of Transcription in 6AU-Treated rad2⌬ Cells reasoned that if the RAD2 and RAD26 genes provided alternate means for efficient transcription, then a more 6-azauracil (6AU) inhibits enzymes in the nucleotide metabolism pathway and leads to a depletion of the RNA severe inhibition of transcription would occur upon the simultaneous inactivation of both these genes.
precursors GTP and UTP in yeast cells (Exinger and Lacroute, 1992). Because of the nucleotide depletion, To examine the inducible synthesis of GAL7 and GAL10 mRNAs, yeast cells were transferred to galactose Pol II's elongation rate is slowed and it suffers more arrest in 6AU-treated cells. Elongation factor TFIIS enmedium and mRNA levels were determined for the wildtype, rad2⌬, rad26⌬, and rad2⌬ rad26⌬ strains. NER is ables Pol II to transcribe through intrinsic arrest sites in DNA (Reines, 1994) , and yeast cells lacking the DST1 a very versatile DNA repair pathway, and in addition to the removal of UV lesions, it functions in the removal of gene, which encodes TFIIS, exhibit increased sensitivity to 6AU (Nakanishi et al., 1995 harbor such a conditional mutation in RPB2 display remRNAs was induced to the same, or even somewhat higher, levels in the rad1⌬ and rad14⌬ strains and folduced mRNA levels following 6AU treatment (Lennon et al., 1998).
lowed the same pattern as in the wild-type strain (Figures 3B and 3C ), whereas the synthesis of these mRNAs To examine the sensitivity to 6AU, yeast cells were grown on plates containing synthetic complete (SC) mewas reduced in the rad2⌬ and rad26⌬ mutant strains. For both the GAL7 and GAL10 genes, the mRNA levels dium lacking uracil and either containing or not containing 6AU. In the absence of 6AU, the rad1⌬, rad14⌬, were nearly the same in the rad2⌬ and rad26⌬ strains for up to ‫2ف‬ hr; thereafter, higher levels of mRNAs accurad26⌬, rad2⌬, and rad2⌬ rad26⌬ mutants grew nearly as well as the wild-type strain ( Figure 3A ). In the presmulated in the rad26⌬ strain than in the rad2⌬ strain ( Figures 3B and 3C ). These results, indicating a faster ence of 6AU, however, growth was severely retarded in the rad2⌬ mutant; the rad26⌬ mutation also affected recovery of transcription in 6AU-treated rad26⌬ cells than in rad2⌬ cells, are in accord with the more severe growth somewhat, whereas in the rad2⌬ rad26⌬ double mutant, growth was inhibited even more than in the growth inhibition of the rad2⌬ strain than that of the rad26⌬ strain in the presence of 6AU ( Figure 3A) . A much rad2⌬ strain ( Figure 3A) .
Next, we examined the levels of GAL7 and GAL10 more drastic inhibition of transcription occurs in 6AU-treated rad2⌬ rad26⌬ mutant cells than in the rad2⌬ or mRNAs in 6AU-treated rad2⌬, rad26⌬, and rad2⌬ rad26⌬ mutants. The synthesis of GAL7 and GAL10 rad26⌬ cells ( Figures 3B and 3C) , and the high degree of transcription inhibition in the rad2⌬ rad26⌬ strain also served sequence EAE * AQC in the I region. Mutation of the E * 791 residue to alanine in the human XPG protein parallels the more severe growth defect of this strain in inactivates the 3Ј-cleavage activity of the protein during the presence of 6AU ( Figure 3A) . NER, and UV resistance is not restored to XPG mutant A visual inspection of Figures 1A and 3B shows that cell lines expressing the E791A form of XPG (Contranscription is more adversely affected when the rad2⌬, stantinou et al., 1999). Although no XPG patients have rad26⌬, and rad2⌬ rad26⌬ strains are grown in the presbeen identified with the E791A mutation, a mutation of ence of 6AU ( Figure 3B ) than in its absence ( Figure 1A) . the alanine792 residue to valine has been identified in In Table 1 , we compare the levels of GAL7 and GAL10 two XPG siblings, XP124LO and XP125LO. The A792V mRNAs in 6AU-treated and untreated rad2⌬, rad26⌬, protein, however, retains some residual endonuclease and rad2⌬ rad26⌬ cells relative to those in the wild-type activity and the patients with this mutation exhibit an strain treated similarly. In the absence of 6AU, at the 30 XP phenotype (Constantinou et al., 1999). Three XPG min time point, the rad2⌬ strain accumulated ‫%07ف‬ as patients, XPCS1LV, XPCS2LV, and 94RD27, suffered much GAL7 mRNA and 45% as much GAL10 mRNA as from severe early onset CS, and they died at 6.5 years, in the wild-type strain, and by 2 hr, the levels of these 20 months, and 7 months of age, respectively. These mRNAs in the rad2⌬ strain rose to ‫%09ف‬ of that seen three XPG/CS patients manifested few clinical sympin the wild-type strain. By contrast, in the rad2⌬ cells toms of XP, which is very likely due to their early death. grown in the presence of 6AU for 2 hr, the levels of GAL7
The CS causative mutations in these patients have been and GAL10 mRNAs were reduced to ‫%52ف‬ and 10%, identified and they all produce truncated XPG proteins respectively, relative to the levels in wild-type cells.
(Nouspikel et al., 1997). In XPCS1LV, the XPG protein Thus, mRNA levels are much lower in the rad2⌬ strain is truncated after amino acid 659. The XPCS2LV cells grown in 6AU than in similarly treated wild-type cells.
carry two XPG mutant alleles, one of which truncates The GAL7 and GAL10 mRNAs also accumulate to lower the protein after amino acid 659, while the other mutation levels in 6AU-treated rad26⌬ cells than in similarly truncates the protein after amino acid 262. In 94RD27, treated wild-type cells. The rad2⌬ rad26⌬ strain displays the XPG protein has a frameshift after amino acid 925, the most drastic inhibition of transcription upon 6AU and another 55 amino acids unrelated to XPG are added treatment, where a synergistic reduction in mRNA levels before the next in-frame stop codon ( Figure 4A ). These occurs compared to that in the rad2⌬ and rad26⌬ single and other observations have indicated that mutations mutants.
that affect the catalytic activity of the XPG protein result in XP but not in CS, whereas mutations that truncate Transcription Is Impaired with a C-Terminal the protein cause severe CS and early death.
Truncation Mutation of RAD2, Analogous
To provide further support to the notion that the to an XPG/CS Mutation growth and developmental defects in XPG/CS patients The human XPG and S. cerevisiae Rad2 proteins are result from transcriptional defects, we constructed a members of a nuclease family that include the 5Ј-nuclease C-terminal truncation mutation in RAD2 (rad2C⌬) analodomains of E. coli DNA polymerase I and Thermus gous to the C-terminal truncation in XPG/CS patient aquaticus (Taq) DNA polymerase, and this family also 94RD27. In this rad2C⌬ mutation, the last 209 amino includes the human FEN-1 and S. cerevisiae Rad27 acids of the protein have been deleted, whereas in (Rth1) proteins. All these proteins are structure-specific 94RD27, the last 261 residues of XPG are absent ( (B) Transcription of GAL7 and GAL10 genes in the presence of 6AU. Cells grown to log phase at 30ЊC in SC medium containing 3% glycerol and 2% lactate and lacking uracil were harvested and resuspended in the identical fresh medium with 100 g 6AU/ml. After incubation in 6AU for 2 hr at 30ЊC, galactose was added to reach a final concentration of 2%. Samples were removed at the indicated time points after the addition of galactose, and GAL7 (top) and GAL10 (middle) mRNA levels were examined. The ethidium bromide-stained gel shown in the bottom panel indicates the levels of RNAs loaded. The time points indicate the period, in minutes, after the addition of galactose to the medium. (C) Quantitation of GAL7 (top) and GAL10 (bottom) mRNAs in the presence of 6AU. mRNA units at each time point are relative to the highest mRNA level in the rad14⌬ strain. Symbols: ᭹, wild-type; , rad1⌬; , rad14⌬; ᭺, rad26⌬; ᮀ, rad2⌬; ᭝, rad2⌬ rad26⌬. damaged DNA. This protein, however, should be fully though the rad2 E794A mutant is expected to have no 3Ј incision activity, its higher UV resistance than that of active in transcription, as the 3Ј-incision activity is essential for NER but unlikely to have any role in transcripthe rad2⌬ strain suggests that this mutant protein can still promote some removal of UV lesions. Consistent tion. By contrast, if the CS symptoms in XPG/CS patients resulted from defects in transcription, then we expect with this, introduction of the XPG E791A mutant allele into XPG mutant cells confers some increase in UV resisthe rad2C⌬ mutation to impair this process. Figure 4B shows the UV sensitivity of these rad2 mutants. Altance (Constantinou et al., 1999). Biochemical studies with the XPG E791A mutant protein have shown that though neither of these mutations confers as much UV sensitivity as the rad2⌬ mutation, the rad2C⌬ mutant although this protein is devoid of any 3Ј-incision activity during NER, 5Ј-incisions still occur normally in its presdisplays a lower degree of UV sensitivity than the rad2 E794A mutant, particularly at high UV doses. Even ence (Constantinou et al., 1999). The residual repair ac- tivity in XPG E791A, and also in rad2 E794A, may then rad2⌬ mutant strains treated with 6AU. Following 6AU treatment, steady-state levels of mRNAs made by genes result from the removal of the 5Ј-incised DNA strand by the action of nucleases such as FEN1/Rad27 and other involved in amino acid biosynthesis decline in the elongation-defective dst1⌬ rpb2-10 double mutant, whereas members of this nuclease family.
To determine the effect of rad2C⌬ and rad2E794A wild-type cells maintain near normal levels of these mRNAs (Lennon et al., 1998). In contrast to wild-type mutations on transcription, first we examined their 6AU sensitivity. As shown in Figure 5A , in the presence of cells, where steady-state levels of TRP3 mRNA remained almost unchanged following treatment with 6AU 6AU, growth is impaired in the rad2C⌬ mutant similar to that in the rad2⌬ mutant, whereas there was little, if for up to 1 hr, TRP3 mRNA levels declined by about 50% in the 1 hr sample from 6AU-treated rad2C⌬ cells, any, effect on growth in rad2 E794A mutant cells. Next, we examined the steady-state levels of various mRNAs and the decline in this strain was similar to that in the rad2⌬ strain. No such reduction in mRNA levels, howin the wild-type strain, and in rad2 E794A, rad2C⌬, and Here, we use the yeast system to identify the involvethe levels of PUR5 mRNAs increased in wild-type cells ment of RAD2 in transcription. The inducible transcriptreated with 6AU for up to 1 hr, and also in the rad2 tion of GAL7 and GAL10 is reduced in the rad2⌬ strain. E794A mutant, little or no increase was evident in simiThe rad2⌬ strain exhibits enhanced sensitivity to 6AU, larly treated rad2C⌬ or rad2⌬ mutant cells (Figures 5B and transcription of GAL7 and GAL10 genes is greatly and 5C). The steady-state levels of STE3 mRNAs also reduced in rad2⌬ cells grown in 6AU compared with increase in the wild-type or rad2 E794A mutant cells wild-type cells treated similarly. The increased 6AU sentreated with 6AU for 1 hr, but not in the rad2C⌬ or rad2⌬ sitivity and the transcriptional defects observed in the mutant cells (Figures 5B and 5C ). Thus, transcription is rad2⌬ mutant are specifically due to inactivation of impaired in the rad2C⌬ mutant similar to that in the RAD2 and not due to defects in NER, as inactivation of rad2⌬ strain, whereas the rad2 E794A mutation has no other NER genes, such as RAD1 and RAD14, incurs no adverse effect on this process. such defects. A C-terminal deletion mutation of RAD2 (rad2C⌬), which resembles a mutation in XPG that Genetic Interaction of the rad2⌬ Mutation causes CS, also renders yeast cells sensitive to 6AU and with the dst1⌬ Mutation Defective transcription is inhibited in this mutant in the presence of in Transcription Elongation 6AU, and the severity of both of these phenotypes in Our observations, that 6AU sensitivity is enhanced and the rad2C⌬ mutant is similar to that in the rad2⌬ mutant. transcription is reduced in 6AU-treated rad2⌬ cells and that a further increase in 6AU sensitivity and a much RAD2 and RAD26 Provide Alternate Means greater decline in transcription occurs in the rad2⌬ of Efficient Transcription rad26⌬ double mutant than in the rad2⌬ and rad26⌬
Although the inducible transcription of GAL7 and GAL10 single mutants, are all consistent with a role of RAD2 genes is reduced in both the rad2⌬ and rad26⌬ strains, in transcription elongation. However, to provide further the rad2⌬ rad26⌬ double-mutant strain displays a much support for the possible involvement of RAD2 in tranmore severe reduction in transcription than either of the scriptional elongation, we examined the genetic interacsingle mutants. Both the rad2⌬ and the rad26⌬ mutation of the rad2⌬ mutation with the dst1⌬ mutation, tions confer 6AU sensitivity; 6AU, however, is less inhibiwhere a defect in transcription elongation has been estory to the rad26⌬ mutant than to the rad2⌬ mutant. tablished from in vitro studies with the purified TFIIS Transcription of the GAL7 and GAL10 genes is also protein using an oligo(dC)-tailed DNA substrate (Christie adversely affected in both the rad26⌬ and rad2⌬ strains et al., 1994; Powell and Reines, 1996) and from in vivo grown in 6AU and consistent with the more severe genetic studies (Lennon et al., 1998). growth inhibition of the rad2⌬ strain in the presence of First, we compared the effect of 6AU on growth in the 6AU; 6AU is more inhibitory to transcription in the rad2⌬ rad2⌬, dst1⌬, and rad2⌬ dst1⌬ mutant strains. As shown strain than in the rad26⌬ strain. The rad2⌬ rad26⌬ strain in Figure 6A , at the lower 6AU concentration used in exhibits a greater 6AU sensitivity than either of the single this experiment (25 g/ml), the rad2⌬ strain displays a mutants, and the transcription of the GAL7 and GAL10 very slight inhibition of growth, whereas a higher level genes is almost abolished in the 6AU-treated rad2⌬ of growth inhibition is seen in the dst1⌬ strain. In striking rad26⌬ cells. The synergistic decline in transcription contrast, the rad2⌬ dst1⌬ cells displayed a drastic inhiobserved in 6AU-treated rad2⌬ rad26⌬ cells implies that bition of growth, consistent with a synergistic increase RAD2 and RAD26 promote efficient transcription via in 6AU sensitivity in the presence of both the mutations. alternate pathways. Next, we examined the induction of PUR5 in 6AU-treated rad2⌬, dst1⌬, and rad2⌬ dst1⌬ mutant strains.
Growth Impairment upon Inactivation We chose PUR5 for this analysis because yeast mutants of the RAD2 and RAD26 Genes that are defective in transcription elongation fail to fully
The involvement of the RAD2 and RAD26 genes in Pol induce PUR5 in response to 6AU, whereas mutations II-dependent transcription suggested that growth imthat confer 6AU sensitivity but do not affect transcription pairment might ensue upon the inactivation of these elongation are competent to induce PUR5 transcription genes, particularly under conditions requiring the synwhen challenged with 6AU (Shaw and Reines, 2000). As thesis of new mRNAs. Consistent with such a possibility, shown in Figure 6B , at the 25 g/ml 6AU concentration recently we presented evidence that, in fact, a reduction used, the level of PUR5 induction was reduced in the in growth occurs when the rad26⌬ mutant is transferred 30 min and 1 hr samples from the rad2⌬ strain, and a from glucose to lactate medium (Lee et al., 2001 ). We greater inhibition of PUR5 induction was seen in the show here that growth is affected also in the rad2⌬ strain dst1⌬ strain at these and subsequent time points. By upon transfer to lactate medium, and quite strikingly, contrast, a synergistic decline in PUR5 transcript levels almost a complete cessation of growth occurs in the occurred in the rad2⌬ dst1⌬ strain compared with the rad2⌬ rad26⌬ strain upon transfer to this medium. Morelevels in the rad2⌬ and dst1⌬ strains. For example, comover, although there is no perceptible effect of the rad2⌬ pared to the level at 0 min, PUR5 transcript levels rise or rad26⌬ mutation on growth in glucose medium, a ‫-4ف‬fold and 2-fold, respectively, in the rad2⌬ and dst1⌬ severe reduction in growth occurs in the rad2⌬ rad26⌬ strains treated with 6AU for 2 hr; by contrast, PUR5 double mutant even in this medium. From these obsertranscript levels declined ‫-8ف‬fold in the similarly treated rad2⌬ dst1⌬ strain (Figures 6B and 6C) .
vations, we infer that transcriptional defects in the rad2⌬ and rad26⌬ strains lead to growth defects, and the sethat parallel the transcriptional defects lead us to propose that transcriptional defects are the primary cause vere growth defects of the rad2⌬ rad26⌬ double mutant derive from the drastic inhibition of transcription that of the growth and developmental defects in XPG/CS and CSB patients. occurs in this mutant strain.
Cockayne Syndrome Is a Transcriptional Disease Possible Role of Rad2 in Transcription
Cockayne syndrome is associated with mutations in the Our observations that transcriptional defects increase CSA, CSB, XPB, XPD, and XPG genes. XPB and XPD synergistically when the rad2⌬ mutation is combined are the DNA helicase subunits of TFIIH, and genetic with mutations in genes encoding transcription elongastudies in yeast with the rad3 and rad25 temperaturetion factors such as Rad26 
Our observations that the Rad2 and Rad26 proteins
The C-terminal deletion mutation of RAD2, rad2C⌬, was generated provide alternate means of efficient transcription and by integrating plasmid pLP9 (Higgins et al., 1984) Le Page, F., Kwoh, E.E., Avrutskaya, A., Gentil, A., Leadon, S.A.,
